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INTRODUCTION 

Exercising  In  heat  may  perturb  the  normal  state  of  electrolyte 
balance  due  to  excessive  losses  via  perspiration.  This  may  lead  to  the 
development  of  an  electrolyte  deficit  and  or  peturbatlon  of  normal 
compartmentatlon  within  the  Intracellular/extracellular  spaces. 

Little  quantitative  Information  is  available  on  these  Issues  due  to 
lack  of  accurate  methods  for  quantitative  Investigations. 

The  overall  objectives  of  this  contract  are  to  develop  safe  and  non- 
Invaslve  methods,  ba<^ed  on  the  stable  Isotope  tracer  approach,  to 
permit  investigations  of  dynamics  of  electrolyte  compartmentatlon  in 
humans  and  under  the  conditions  of  physiologic  relevance  to  exercise 
In  heat  While  broad  in  scope,  the  present  emphasis  of  the  work  Is 
on  the  following;  studies  of  total  body  water  and  its  compartments 
(extracelluiar/lntracellular  spaces),  direct  measurement  of  body 
potassium,  and  studies  of  body  magnesium. 

Aside  from  the  stable  isotope  methodology  for  the  measurement  of 
total  body  water,  the  methods  required  for  this  work  were  not 
available  at  the  time  of  Initiation  of  this  contract.  These  methods 
are  based  on  emerging  analytical  technology.  Their  development  has 
become  possible  only  due  to  recent  availability  of  new  mass 
spectrometrlc  Instrumentation  (1). 

For  this  reason,  two  major  aspects  of  the  work  are  considered  in  the 
context  of  this  contract;  development  of  analytical  methods  for 
accurate  measurement  of  stable  isotopes  of  selected  electrolytes,  and 
demonstration  of  the  feasibility  of  their  use  using  animal  models. 
Initially,  we  focussed  on  the  following  specific  problems: 
simultaneous  measurement  of  total  body  water  and  extracellular 
fluid  volume,  measurement  of  body  potassium,  and  measurement  of 
body  magnesium.  Each  of  these  three  problems  Is  an  important  Issue 
about  which  little  quantitative  Information  Is  available  in  the 
context  of  exercising  In  heat. 

METHODS 

The  work  carried  out  to  date  under  this  contract  will  be  described 
under  two  general  headings;  development  of  analytical  methods,  and 
studies  of  feasibility  with  animal  models. 

1-  DgyglopmeiH  .af^nalytlcal  Methods 

stable  Isotope  methods  were  developed  successfully  under  this 
contract  for  the  three  electrolytes  of  Interest.  Methods  for  two  of 
these  electrolytes  (Br,  Mg)  have  been  published  (2,  3) 


d 


the  manuscript  for  the  third  electrolyte  (K)  has  been  submitted 
for  publication  (6).  This  is  the  first  time  that  such 
methodology  has  become  available. 


a-  Analytical  Chemistry  of  Stable  Isotopgs  of  Bromine 

7  9 

Bromine  consists  of  two  stable  isotopes  in  nature:  Br  and 

^'■Br.  The  method  of  inductively  coupled  plasma  mass  spectrometry 
(2)  is  the  first  reported  method  for  application  to  the  dynamics 
of  Br/Cl  transport  in  man.  In  addition,  it  also  provides  the 
most  accurate  method  available  for  the  measurement  of  E. -space 
utilizing  the  concept  of  Br-dilution  together  with  in  vitro 
isotope  dilution  analysis. 

Th<E  method  as  now  routinely  used  Is  capable  of  accurate 
quantltatlye  analysis  of  both  stable  isotopes  of  Br  present  at  natural 
Icyels  or  hlghe.'  In  human  plasma  with  overall  accuracy  of  ~1%. 

The  following  account  briefly  describes  this  method  for  specific 
application  to  the  issue  of  accurate  measurement  of  Br-space.  The 
method  involves  administration  of  a  pharmacologic  dose  of  natural 
bromine,  followed  by  measurement  of  its  dilution  in  the 
extracellular  space. 

Scheme  SCHEME  (or  Analysis  of  Br  in  plasma 

j-  Place  5  ml  sample  in  dialysis  tubing  (Spectro/Por  *132680,  MW 
Cutoff  12000-14000,  Spectrum  Medical  Industries,  Los  Angeles,  CA) 
tie  both  ends  in  knots  to  prevent  leaking.  Add  appropriate 
amount  of  highly  enriched  ^^Br  as  in  vitro  spike. 

2-  Place  dialysis  tubing  inside  polyethylene  bag  (Ziplock)  containing 
50  ml  DI- water,  close  using  dialysis  closures. 

3-  Place  bags  on  horizontal  laboratory  shaker;  shake  for  1. 5-2. 0 
hours. 

3-  Decant  outer  solution  into  beaker;  boil  until  volume  is  a  few 
milliliters. 

4-  Apply  to  cation  exchange  column  (Dowex  50- x8,  100-200  mesh. 

15x75  mm.  Bio.  Rad  Laboratories,  Richmond,  CA). 

5-  Elute  with  25  ml  Dl- water ,  reduce  volume  if  necessary  by 
boiling. 

6-  Run  on  ICP/MS  for  ^^Br/^^Br. 

From  the  measurement  of  the  ratio  ®iBr/'^‘^Br  (=MIR9i/79)  calculate 
the  Br  content  of  the  plasma  sample  using  the  following  expression; 

X=  [8lBr*-(MIR8i/79)x(’’Br*)]/[0. 5007x(MIR8i/79-0. 9974)J 
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X:  Mg  Br  In  sample 

8iBr*,  mE  Isotope  added  to  sample  as 

in  w/rc?  spike 

0.5007,  0.9974:  constants  related  to  natural 
Isotopic  composition  of  Br. 


b-  Analytical  Chemistry  of  Stable  Isotopes  of  Magnesium 

There  are  three  stable  isotopes  of  Mg:  ^^Mg,  and  ^^Mg. 

method  described  here  is  the  first  application  of  inductively 
plasma  spectrometry  to  accurate  measurement  of  stable  isotopes 
in  biological  materials  (3).  It  is  capable  of  quantitative  me 
ment  of  the  three  stable  isotopes  of  Mg  with  accuracy  of 

~l7o  The  Isotope  ratios  25Mg/24Mg  (=MIR25/24)  and  26Mg/24Mg 
(=MIR2(>/24)  can  be  measured  with  precision  and  accuracy  of  51.0^. 

Scheme  II-  SCHEME  OF  ANALYSIS  FOR  Mg 

1-  Digest  sample  (0. 5-1. 5  g)  with  Cone.  HNOj(20 

■fConc.  HjSO^(l  mL)  [for  urine  2  ml,  do  not  digest,  go  to  step  4] 

(Spike  with  highly  enriched  ^^Mg  (5-5  times  its  expected  content) 
if  quantitative  isotopic  anlaysis  is  desired} 

2-  Evaporate  to  small  drop;  add  water  and  repeat  evaporation  step 
2-5  times  (to  remove  as  much  residual  acid  as  possible) 

5-  Dilute  with  DI-H2O  to  approximate  Mg  concentration  of  5-20 

;jg/mL 

4-  To  1  mL  of  solution  add  25  fjL  of  1000  ;jg/mL  CaCl2  (as  carrier) 

5-  Add  1  mL  of  2X  NH4H2PO4  and  2  5  mL  of  50X  NH4OH  Add  more 
base  if  pH<8. 

6-  Let  sit  on  ice  for  ~1  hr.,  refrigerate  overnight 

7-  Centrifuge  for  15  min.  at  5000g,  4X 

8-  Discard  supernatant;  dissolve  pellet  with  200  fjL  cone.  HNOj 

9-  Dilute  sufficiently  to  [Mgj~0. 05  fjg/mL;  run  on  ICP-MS  with 
appropriate  isotope  calibration  standards 


The  accuracy  of  Isotopic  analyses  In  various  matrices  of  Interest 
was  tested  by  the  application  of  in  vitro  isotope  dilution  (2^Mg  as  in 
vitro  Isotope  diluent,  24ivig  as  reference  Isotope)  to  subsamples  of  rat 
tissues  (Table  1),  or  standard  reference  materials  (Bovine  Liver:  NBS 
SRM  1577a;  Bone:  IAEA  Animal  Bone  H-5),  and  comparison  of  the 


The 

coupled 
of  Mg 
asure- 
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results  with  both  measurements  carried  out  on  the  subsample 
digests  using  atomic  absorption  spectrophotometry  and  the  certified 
values,  where  applicable  The  expression  employed  for  calculation  of 
Mg  content  of  subsamples  with  the  in  vitro  Isotope  dilution  procedure 
Is- 


WMg=(WMg-26*-(MIR26/24)  WMg-24*l/[0.7795(MIR26/24)-0.1177] 


where: 

WMg  weight  of  Mg  In  the  subsample,  pg 

WMg-26*.  V/Mg-24*-  weights  of  respective 
Isotopes  from  the  splKe,  pg 
^^^^26/24'  Mass  Isotope  Ratio  for  the 
subsample 

0.7795,  0.1177:  constants  relating 

natural  abundances  of  24Mg  and 
2^>Mg  to  Mg 

The  results  of  these  tests  have  been  summarized  in  Table  1. 


Table  1-  Summary  of  Data  Establishing  Accuracy  of  Isotopic 

Analysis  for  Stable  Isotopes  of  Mg  in  Matrices  of  Interest 


Matrix  Mg  Concentration  (pg/g) 

in  vitro  AAS^  Certified  Value 

Isotope  dilution^ 


SRM  1577a 

617,  ±  4. 

592.  117. 

600.115. 

IAEA  H-5 

3585.  ±16. 

3752.  ±29. 

3550.190. 

Rat  Liver 

237,  ±  2. 

237.  1  4. 

Rat  Muscle 

300.  ±  4. 
306,  ±  4. 

317.  1  5. 

Rat  Plasma 

26  6±  12 

25  21  18 

Rat  RBC 

45.31  0.7 
46,01  0.8 

45.41  0.6 

^mean+lSD  (n=4).  AAS:  atomic  absorption  spectrometry 


Based  on  these  data,  Isotope  ratios  for  stable  Isotopes  of  Mg  in 
biological  matrices  can  be  measured  routinely  with  analytical 
precision  (%RSD)  of  or  better.  This  can  be  done  with  a  relatively 
simple  requirement  for  chemical  separation  and  a  high  sample 
throughput.  Because  of  the  existence  of  three  stable  isotopes  of  Mg, 
the  method  of  in  vitro  Isotope  dilution  can  be  readily  applied  to 
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samples  resulting  from  in  vivo  labeling  studies  with  a  single  stable 
Isotope,  permitting  high  accuracy  quantitative  Isotopic  analysis.  This 
new  method  Is  likely  to  prove  suitable  for  a  number  of  stable  Isotope 
tracer  Investigations  of  metabolism  of  Mg,  studies  for  which  no 
alternative  Is  available. 

The  Important  question  of  achieving  Isotope  ratio  measurement 
precision  consistently  at  or  near  0.1*  remains  yet  to  be  addressed. 
This  Issue  should  be  considered  a  high-priority  problem  In  the 
context  of  Mg  research  However,  Its  resolution  will  require 
considerable  insight  into  both  fundamental  aspects  of  ICP-MS 
processes  as  well  as  Issues  related  to  matrix  composition  of  these 
complex  materials. 

c-  Analytical  Chemistry  of  Stable  Isotopes  of  Potassium 

This  is  the  first  attempt  at  developing  a  suitable  stable  Isotope 
approach  to  the  problem  of  measurement  of  exchangeable  body 
potassium  (Kg).  Because  of  the  high  content  of  potassium  In  the 

body,  the  primary  criterion  dictating  the  feasibility  of  this  approach 
is  the  precision  of  isotope  ratio  measurement  for  Thus,  our 

effort  to  date  has  been  focussed  on  the  development  of  measurement 
procedures  which  would  permit  the  highest  measurement  precision 
that  Cuii  be  achieved  with  ICP-MS. 

Two  chemical  separation  procedures  were  tested  (Scheme  III  and 
IV).  Scheme  III  was  based  on  ion  exchange  chromatography,  while 
Scheme  IV  utilizes  selective  precipitation  of  K  ( 6 ) . 


Scheme  III-  SCHEME  OF  ISOTOPIC  ANAL  YSIS  FOR  K 
(based  on  ion  exchange  chromatography) 

1-  Wet  ash  sample  (^100-500  pg  K)  with  cone.  HNOj  (10-15  mL)-f-H202 

(30M,  <5  mL)  .  If  desired  add  enriched 

2-  Adjust  pH  to  7. 

5-  Apply  to  cation  exchange  column  (Dowex  50w-xl6,  200-400  mesh, 
capacity  2.6  meq/mL  of  resin  bed;  column  1  cm  i  d.,  5  cm  long) 

4-  Wash  column  with  40  mL,  0.9  M  HCl;  discard 

5-  Elute  with  40  mL,  0.9  M  HCl;  save 

6-  Measure  [K]  approximately;  adjust  with  deionized  water  to  [K]-^ 
pg/mL 

7-  Analyze  for  ratio 


Scheme  IV-  SCHEME  OF  ISOTOPIC  ANAL  YSIS  FOR  K 
(based  on  selective  precipitation) 


to 


1-  Wet  ash  sample  (-100-500  ijg  K)  with  cone.  HNOj  (10-15  mL)-f-H^2 

(30X,  <5  ml)  If  desired  add  enriched 

2-  Adjust  pH  to  7. 

3-  Add  solution  of  tetraphenylboron  (3  ml  of  3. 5X  W/V) 

4-  Centrifuge  (3000  rpm)  for  15  mm. 

5-  Suspend  precipitate  in  deionized  water  (-50  mL),  repeat  step  4 

6-  Add  cone.  HCl  (-2  mL)  to  precipitate,  place  in  hot  water  bath 
until  solution  becomes  clear. 

7-  Measure  [K]  approximately;  adjust  with  deionized  water  to  [K]-'5 
iJg/mL 

8-  Analyze  for  ratio 

The  results  of  isotope  ratio  measurements  performed  on  different 
biological  matrices  of  interest  have  been  summarized  in  Table  2  for 
Scheme  III  and  Table  3  for  Scheme  IV.  The  data  demonstrate  two 
important  Issues  First,  using  Scheme  III,  Isotope  ratio 
measurements  with  overall  precision  of  close  to  0.1%  were  achieved. 
And  secondly.  Scheme  III  was  inherently  more  precise  than  Scheme 
IV. 

The  results  from  this  work  clearly  demonstrate  that  the  ratio  for 
can  now  be  measured  with  overall  precision  close  to  0  1% 
Based  on  this  experimental  observation,  one  can  now  determine  the 
minimum  dose  level  that  is  needed  to  permit  determination  of 

with  the  necessary  degree  of  overall  accuracy.  Based  on  theoretical 
considerations,  an  in  vivo  isotope  enrichment  lOX  the  achieved 
measurement  precision  permits  determination  of  with  overall 

accuracy  of  about  10%.  Thus,  if  the  value  of  1.76  g  K/kg  body  weight 
is  accepted  for  body  K,  a  dose  of  1-2  mg  ^^K/kg  body  weight  would 
be  required  (present  cost  of  $20/mg).  Based  on  these 
considerations,  the  present  method  is  suitable  for  application  to 
small  animals  and  to  human  Infants.  A  further  factor  of  ten 
improvement  in  the  measurement  precision  would  then  permit 
application  of  the  method  to  measurement  of  in  human  adults. 


2-  Applications 

Three  sets  of  experiments  have  been/are  being  carried  out  with 
animal  models  to  show  the  feasibility  of  stable  Isotope  tracer 
approaches  to  a  number  of  Important  problems  of  electrolyte 
physiology  These  experiments  have  focussed  on:  (a)  simultaneous 
measurement  of  total  body  water  and  bromine  space  In  the 
miniature  swine,  (b)  measurement  of  exchangeable  pool  of 
magnesium  (Mg^)  in  the  rat,  and  (c)  measurement  of  exchangeable 

body  potassium  (Kg)  in  the  rat.  At  this  writing,  these  experiments 
are  ongoing  and  at  different  stages  of  completion. 
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Table  2-  Measurement  Precision  and  Accuracy  for  MR4i/39^c 

Biological  Materials,  Scheme  III 


Matrix 

Mf^4l/39.c 

Precision^ 

Instrumental 

Intramatrix  Intermatrix 

Standard,  5  ^ig/mL 

0.07129 

.6 

0  07115 

.3 

0  07112 

6 

0  07134 

.4 

0  07114 

.1 

.14 

Urine-1 

0.07129 

3 

-2 

0  07152 

1 

-3 

0.07158 

3 

.21 

Liver- 1 

0.07110 

3 

-2 

0  07122 

3 

-3 

0  07114 

.6 

09 

RBC-1 

0.07144 

.7 

-2 

0  07154 

3 

-3 

0.07129 

.1 

.18 

Plasma-1 

0  07117 

.8 

-2 

0  07111 

.3 

-3 

0.07118 

3 

.05  .25 

Mnstrumental:  Coef 

.  Variation  for  ten  sequential  measurements 

Intramatrix:  Coef. 

Variation  for  three  Independent  preparations 

Intermatrix:  Coef. 

Variation  for  all  biological  matrices 

Table  3-  Ion  Beam  Intensity  Ratio  (MR4i/39 

c)  for  Biological  Matrices, 

Scheme  IV 

Matrix 

M^1/39,c 

Precision 

Instrumental  Intermatrix 

Standard,  5  MS/iTf^L 

0.07088 

0.3 

Carcass 

0.06959 

1.0 

Kidneys 

0.07036 

1.7 

Heart 

0  07014 

0  7 

Brain 

0  06999 

1.6 

Urine 

0  07061 

2.8 

Muscle 

0.06817 

2.2 

1.3 
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a-  Simultaneous  Measurement  of  Total  Body  Water/Bromlne 

Space 

Our  past  efforts  at  development  of  analytical  methodology  for  the 
purpose  of  simultaneous  measurement  of  total  body  water  (TBW) 
and  Its  compartments  have  successfully  led  to  the  design  of  an 
animal  protocol  by  the  USARIEM  personnel,  under  the  direction  of 
Dr.  M.  Durkot,  using  the  miniature  swine  model  to  demonstrate 
successful  application  of  the  methods  to  this  Issue. 

The  experiment  involves  simultaneous  measurement  of  TBW  and 
extracellular  fluid  volume  (ECF)  using  the  combination  of 
H2^®0/D20/Br  and  multiple  in  wVt?  labels.  The  two  labels  for  water 
are  used  to  show  the  extent  of  agreement  under  the  conditions  of 
dehydration,  and  Br  Is  the  marker  for  ECF. 

Three  animals  have  already  undergone  the  experimental  protocol 
successfully.  The  basic  protocol  involved  Initial  measurement  of 
TBW/ECF/plasma  volume,  followed  by  experimental  dehydration, 
(about  5^  of  body  weight)  and  repeat  measurement  of 
TBW/ECF/Plasma  Volume.  The  results  of  the  experiment  are  not  yet 
available. 

b-  Measurement  of  In  the  Rat  ,  Model 

Three  experiments  have  now  been  successfully  completed.  The  focus 
of  these  experiments  has  been  to  demonstrate  the  value  of  the  stable 
Isotope  tracer  approach  to  the  measurement  of  Mgg  (Exchangeable 

Mg)  for  fututre  applications  to  exercise  In  heat. 

l)  EXP  *1.  The  purpose  of  this  experiment  was  to 
demonstrate  that  the  new  method  of  ICP-MS  can  be  used  effectively 
to  Investigate  the  dynamics  of  Isotope  transport  In  different  organs 
and  to  obtain  initial  data  on  tranorgan  Isotope  exchange  kinetics  ( ^  ^  • 


Seven  adult  male  Fischer  344  rats  (353±13  g)  were  used  in  this 
experiment.  One  animal  was  sacrificed  for  measurement  of  baseline 
values.  Each  of  the  remaining  six  animals  received  a  single  dose  of 
highly  enriched  25Mg  (3.84  mg  25Mg,  3.89  mg  Mg,  I  P.)  Urine  was 
collected  every  4  hours  for  the  first  12  hours  and  then  every  12  h 
until  sacrifice.  Two  rats  were  sacrificed  at  12,  24,  and  48  hours  after 
dosing.  Plasma,  red  cells,  Kidneys,  liver,  heart,  sample  of  skeletal 
muscle  (thigh),  brain  and  bone  were  removed  for  Isotopic  analysis. 
Each  sample  was  analyzed  for  the  ratio  25Mg/24Mg  ( 3 ,  4 ) . 
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Fig  1 
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Fig.  lA-Time  course  of  the  change  in  MR- 


0  to  20  so  40  50 

Time,  k 

of  urine  after  a  single  dose  of  ^^Mg 


rig*  lu*  line  wuem;  vi.  uk  in  nK25/24  urine  arrer  a  single  oose  or  — ng 

(3.84  mg) .  Time  (x-axis)  was  plotted  as' the  midpoint  of  the  collection  period. 
51^/24  <^^i9oates  the  neasur^  ion  beam  intensity  ratio  for  the  isotope  pair 

Fig. lb.  Time_course  of  the  change  in  MR25/24  selected  tissues.  Data 
represent  the  x  of  values  fron  two  animals. 
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The  primary  purpose  of  this  experiment  was  to  provide  Initial  data 
on  the  time  course  of  Isotope  distribution  (relative  to  endogenous  Mg) 

In  different  organs.  The  results  are  summarized  In  Fig.  1.  As  shown, 
urine  Isotope  ratio  peaked  during  the  first  4  hours,  decreasing 
thereafter  rapidly.  However,  even  at  48  hours  postdosing  the  ratio 
was  22%  higher  than  the  natural  ratio.  Therefore,  from  the  point  of 
view  of  accuracy,  urine  could  be  employed  effectively  as  sampling 
compartment.  In  place  of  plasma.  This  would  present  some 
Important  practical  advantages  for  future  studies,  such  as  the 
ability  to  perform  longitudinal  studies  of  Mg^  in  the  same  animal. 

Isotope  ratios  for  selected  tissues  are  given  In  Fig.  lb.  Compared  to 
plasma,  MIR25/24,48h=0  48-h  soft  tissue  ratios  were:  liver  0.160, 

kidneys  0  156,  heart  0.162,  brain  0.167,  skeletal  muscle  0.159,  and 
red  cells  0.168.  The  ratio  In  urine  was  the  same  as  for  plasma. 

Therefore,  despite  the  potentially  important  differences  in  the  details 
of  the  time  course  for  various  organs,  the  48-h  value  appeared  to  be 
the  same  for  all  organs  (except  for  bone).  This  observation  Indicated 
then  that  the  concept  of  /n  vivo  stable  Isotope  dilution  could  be  used 
effectively  to  determine  Mg^,  an  important  physiological  parameter 

of  Mg  physiology  In  relation  to  exercise  in  heat. 

2)  EXP  *2.  Following  the  successful  outcome  of  EXP  ♦!, 
we  designed  an  experiment  to  evaluate  the  course  of  isotope 
equilibrium  In  the  organs  of  the  rat  under  the  conditions  of 
perturbed  Mg  Intake.  The  purpose  here  was  to  evaluate  whether  the 
exchangeability  of  organ  Mg  is  Influenced  by  the  dietary  availability 
of  the  mineral.  This  was  based  on  the  known  homeostatic  control  of 
body  Mg  under  the  conditions  of  restricted  supply.  Two  separate 
experiments  were  carried  out. 

a)  EXP  *2a.  The  purpose  of  this  experiment  was  to 

determine  if  acute  dietary  restriction  of  Mg  would  alter  the  time 
course  of  isotope  equilibrium  in  the  animal  (5).  Twenty  adult 
rats  were  fed  a  Mg-deficient  diet  supplemented  to  the  level  of 
0.23%  Mg  with  MgO.  The  animals  were  then  abruptly  switched  to 
the  unsupplemented  diet  (0.0085%  Mg).  After  3  days  on  this  diet, 
4  rats  were  sacrificed  for  the  measurement  of  baseline  isotope 
ratios,  and  the  remaining  16  animals  were  each  injected  with 
3.62+0.08  mg  ^Mg  (3.66  mg  Mg)  by  I.P.  Four  animals  were 
sacrificed  at  each  time  interval;  48,  72,  96,  and  120  hours. 
Prior  to  sacrifice,  each  rat  was  housed  in  individual  metabolic 
cage  for  12  hours  and  clean  urine  was  collected.  At  the  time  of 
sacrifice,  tissue  samples  (blood,  heart,  liver,  right  kidney, 
thigh  muscle,  and  brain)  were  taken  for  isotopic  analysis. 
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Fig  2 


0  50  100 
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The  time  course  of  exchange  after  a  single  I.P.  injection  of 
(3.62  ±  0.08  mg)  for  the  soft  tissues  sampled.  The  tissue  1*25/24 
for  various  soft  tissues  at  48,72,  96  and  120h  after  isotope  dose  are 
shown  relative  to  baseline  enrichment.  For  clarity,  only  the  mean  value 
for  4  rats  is  shown.  Those  tissues  with  835/24  significantly 

greater  (superscript  a)  or  less  than  (superscript  c)  plasma  at  120h 
are  indicated,  P<0.05. 
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The  results  of  Isotope  ratio  for  25Mg/24Mg  have  been  summarized  for 
this  experiment  m  Fig.  2.  In  contrast  to  the  Isotope  ratio  data 
obtained  for  EXP  *1,  where  essentially  complete  Isotope  equilibrium 
was  achieved  In  all  tissues  (except  for  bone;  by  48  hours  after 
dosing,  the  data  for  EXP  •Za  clearly  demonstrated  that  under  the 
conditions  of  acute  Mg-restriction  the  isotopic  pattern  of  organs 
varied  significantly  (Fig.  2).  Even  after  120  hours,  the  organs  did  not 
achieve  complete  Isotopic  equilibrium.  At  this  time,  isotope  ratio  for 
heart,  liver,  and  kidney  were  similar  but  about  5%  higher  than  that 
observed  for  plasma.  Those  for  brain  and  red  cells  were  higher  than 
for  plasma  by  ~8^.  In  contrast,  the  ratio  for  skeletal  muscle  was 
about  t%  lower  than  for  plasma  and  11-15%  lower  than  for  heart, 
liver,  and  kidney.  This  Indicated  an  Important  effect  of  Mg- 
restrictlon  with  respect  to  Mg  distribution  within  the  organs;  despite 
the  reported  lack  of  changes  in  tissue  Mg  consequent  to  acute  Mg 
restriction,  there  appears  to  be  a  significant  alteration  in  distribution 
of  newly  absorbed  Mg  (labeled  25Mg)  compared  with  animals 
maintained  on  adequate  Mg.  This  may  prove  to  be  an  Important 
observation  In  relation  to  detection  of  potential  consequences  of 
altered  Mg  status  as  might  occur  in  exercise  in  hot  climates  due  to 
excessve  losses  from  sweat 

b)  EXP  ♦2b.  Following  the  observations  of  EXPs  •  1 
and  2a,  it  became  clear  that  alterations  in  Mg  status,  whether 
brought  about  by  dietary  restriction  or  excessive  losses  due  to 
sweating,  may  result  in  important  shifts  in  Mg  compartments 
within  the  body.  Therefore,  we  carried  out  a  careful  experiment 
with  rats  fed  three  levels  of  dietary  Mg  for  62  days  and  then  given  a 
single  dose  of  25Mg  in  order  to  establish  in  more  detail  the  differences 
in  organ  Mg  contents  in  comparison  with  redistribution  of  the  label, 
and  the  sensitivity  of  the  proposed  pool  size  method  to  changes  in 
the  exchangeability  of  body  Mg  brought  about  due  to  dietary  Mg 
restriction. 

Eighty  one  adult  rats  were  utilized  in  this  experiment.  Five  rats 
were  sacrificed  and  samples  taken  for  measurement  of  baseline 
values.  The  remaining  76  animals  were  assigned  to  three  diet 
groups:  a  high  (H)  Mg  diet  (0.24510.004%  Mg),  a  control  (C)  Mg  diet 
(0.05110.001  Mg)  or  a  Mg  deficient  (D)  diet  (0.01110.001%).  Animals 
from  each  group  were  sacrificed  at  preselected  time  Intervals  for  Mg 
analysis  of  various  tissues  during  the  initial  62  days  of  the 
experiment.  At  the  end  of  the  62-days  of  dietary  treatment  with 
three  dlfferentt  levels  of  Mg,  four  animals  from  each  group  were 
placed  each  in  Individual  metabolic  cages  for  three  days  of 
adjustment.  After  the  three  days,  each  animal  was  injected  (I  P.) 
with  4.66  mg  25Mg  (4.71  mg  Mg).  The  animals  were  returned  to 
their  cages  and  given  their  respective  diets  for  the  remainder  of  the 
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experiment.  All  animals  were  sacrificed  10  days  after  administration 
of  the  Isotope.  Prior  to  sacrifice,  12-hour  clean  urine  was  obtained 
for  determination  of  Isotope  ratio. 

Selected  organs  were  removed  for  Isotopic  analysis.  Intestines  were 
rinsed  free  of  dlgesta  with  physiologic  saline,  and  the  entire  carcass 
saved  for  Isotopic  analysis.  Prior  to  isotopic  analysis,  carcasses  were 
“cooked"  In  a  microwave  oven  to  permit  separating  the  soft  tissue 
from  skeleton;  each  was  then  analyzed  separately. 

The  data  related  to  the  exchangeable  pool  of  Mg  (Mg^)  in  the 
three  diet  groups  have  been  compared  with  the  actual  carcass 
Mg  and  its  major  components  in  Table  4. 


Table  4-  Comparison  of  Exchangeable  Mg  (Mg^),  Whole  Carcass  Mg 

and  Its  Components  In  Animals  Fed  three  Levels  of  Mg  (EXP 
♦2b) 


Diet 

Mg« 

Carcass  Mg  Skeletal  Mg 
(mg/lOO  g  body  weight) 

Soft  Tissue  Mg 

D 

16.6±0.6 

26.1±0.2 

11.610.1 

14.510.2 

C 

27.2±1.7 

30.4±0.4 

14.510.2 

15.910.3 

H 

44.4±8.9 

33.010.7 

16.310.8 

16.710.4 

The  results  given  In  Table  4  demonstrate  that  when  dietary  Mg  is 
restricted  on  a  chronic  basis  from  the  normal  level  (C  to  D),  little 
decrease  occurs  In  Mg  content  of  soft  tissues  (9^)  or  carcass  (14%), 
but  somewhat  more  In  skeletal  Mg  (20%).  Considering  the  major 
decrease  in  dietary  Mg  (0.051%  to  0.011%),  the  changes  in  tissue  Mg 
content  are  modest.  This  Is  not  surprising  as  the  body  must 
maintain  Its  Mg,  essential  for  myriads  of  biochemical  reactions. 
However,  this  does  point  out  an  Important  limitation  of  tissue  Mg 
measurements  as  measures  of  Mg  status,  even  If  such  tissue  were 
available  for  analysis  (a  major  limitation  In  humans).  In  clear 
contrast,  the  predicted  value  of  Mg«  (Table  4)  based  the  concept  of 
isotope  dilution  decreased  by  39%,  much  higher  than  any  of  tissue 
Mg  measurements.  While  the  reasons  for  this  large  predicted  change 
are  not  clear,  they  must  be  related  to  shrinking  of  the  exchangeable 
Mg  component  of  whole  body  Mg.  In  other  words.  In  their  efforts  to 
conserve  their  Mg  In  the  face  of  limited  dietary  supply,  organs 
convert  some  of  their  Mg  to  non-exchangeable  form.  An  alternative 
explanation  would  Involve  a  change  In  affinity  of  different  organs  for 
newly  absorbed  (isotopic)  Mg,  effectively  resulting  In  an  apparent 
shrinking  of  the  exchangeable  pool.  The  latter  explanation  Is 
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supported  by  the  experimental  evidence  of  differential  Isotope  ratios 
upon  Institution  of  Mg-restrlctlon  (Fig.  2). 

Regardless  of  the  mechanisms  Involved,  these  data  clearly 
demonstrate  that  a  much  larger  change  Is  predicted  by  the  Isotope 
dilution  method  than  by  tissue  Mg  analysis.  Therefore,  the  former 
could  be  a  much  more  sensitive  method  of  assessing  Mg  status  than 
the  latter.  This  Is  especially  Important  when  It  Is  realized  that  the 
magnitude  of  changes  instituted  In  these  animal  model  experiments 
with  respect  to  dietary  Mg  are  not  likely  to  be  encountered  in 
humans.  Rather  humans  are  likely  to  encounter  more  subtle 
changes  in  body  Mg,  due  to  excessive  sweating.  Therefore,  the  need 
for  a  sensitive  method  that  could  predict  small  changes  becomes 
apparent. 


CONCLUSIONS 

The  work  carried  out  to  date  under  the  auspices  of  this  contract  has 
led  to  the  following  important  new  methods.  This  is  the  first  time 
that  these  methods  have  become  available. 

1-  A  method  is  now  available  to  permit  simultaneous 
measurement  of  total  body  water/extracellular  fluid  volume  directly 
in  humans.  It  Involves  administration  of  a  cocktail  containing  both 
labeled  water  and  NaBr,  followed  by  sampling  blood  3  hours  after 
dosing. 

2-  A  method  has  been  developed  which  permits  investigation  of 
dynamics  of  Mg  exchange  in  animal  models.  The  method  has,  for 
the  first  time,  been  applied  to  measurement  of  differential  organ 
affinity  for  Mg  under  the  conditions  of  perturbed  dietary  Mg.  The 
method  appears  to  predict  a  larger  change  in  exchangeable  Mg  than 
changes  in  tissue  Mg  analysis  and  may  provide  a  more  sensitive 
means  of  assessing  Mg  status. 

3-  A  new  method  has  been  developed  for  accurate 
measurement  of  stable  isotopes  of  K.  This  method  is  now  being 
applied  to  the  measurement  of  Ke  (exchangeable  K)  in  the  animal 
model. 
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